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Edited by Richard CogdellAbstract Substituent-dependent demetalation kinetics of natu-
ral bacteriochlorophyll (BChl) c and e homologs puriﬁed from
two green sulfur photosynthetic bacteria was ﬁrst studied. Sepa-
rated BChl e homologs, which possessed a formyl group at the 7-
position of their chlorin macrocycles, exhibited a signiﬁcantly
slow removal of central magnesium to free-base bacteriopheo-
phytins in acidic aqueous acetone compared with the correspond-
ing BChl c homologs, which possessed a methyl group at the
7-position. Additional methyl groups at the 82-position of both
BChl c and e molecules had little eﬀect on the demetalation
kinetics.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Degradation of chlorophyll(Chl)s makes red and yellow
leaves on deciduous trees, which fascinates us in autumn.
Chl breakdown is one of the largest changes of biomass on
earth. In spite of the beautiful, clear, and important phenom-
ena in nature, degradation of Chls and bacteriochlorophyll
(BChl) molecules has been little studied and has not been thor-
oughly unraveled yet [1–3].
Early processes in Chl and BChl degradation are removal of
a long alkyl chain (conversion to chlorophyllide (Chllide) and
bacteriochlorophyllide (BChllide), respectively) and demetala-
tion of central magnesium to the free base (pheophytinization).
Removal of a long alkyl chain of (B)Chls is enzymatically cat-
alyzed by chlorophyllase [2–5]. The enzymatic hydrolysis of
propionate esters of (B)Chls by chlorophyllase is the only
well-known part in (B)Chl degradation, and in vitro enzymatic
reactions indicated that chlorophyllase could hydrolyze Chls a,Abbreviations: BChl, bacteriochlorophyll; BChllide, bacteriochloro-
phyllide; BPhe, bacteriopheophytin; Chl, chlorophyll; Chllide,
chlorophyllide; [E,E], 8,12-diethyl; [I,E], 8-isobutyl-12-ethyl; [P,E], 8-
propyl-12-ethyl
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doi:10.1016/j.febslet.2007.03.079b and pheophytin a, but not protochlorophyll a (=17,18-dehy-
drated form of Chl a) [2].
Few reports are available on in vitro demetalation reactions
of (B)Chls [6–8], and the eﬀects of (B)Chl molecular structures
on physicochemical properties concerning demetalation have
been little discussed. Mazaki et al. preliminarily reported
demetalation kinetics of Chls a, b, and their epimers (Chl a 0
and b 0) in higher plants [6,7]. Kobayashi et al. compared the
pheophytinization rate of Zn BChl a from acidophilic bacte-
rium Acidophilium rubrum with that of BChl a possessing Mg
[8].
Demetalation of Chls and BChls is one of the major dena-
turation reactions in laboratories, and many researchers have
taken a lot of precautions to suppress this undesired reaction.
Information on demetalation properties of (B)Chls possessing
various molecular structures can also be useful for handling
natural and artiﬁcial chlorophyllous pigments.
Here, we ﬁrst report a physicochemical study on magnesium
demetalation of major light-harvesting BChls c and e isolated
from two green sulfur photosynthetic bacteria. These BChls
can assemble using interaction among central magnesium, 31-
hydroxy group, and 13-keto group, and the in vivo BChl
self-assembly functions as light-harvesting systems in unique
antenna complexes called chlorosomes [9]. The molecular
structures of BChls c and e in green sulfur bacteria are shown
in Fig. 1. The diﬀerence in the molecular structures between
them is the substituent at the 7-position. BChl e has a formyl
group at the 7-position (R7 = CHO), whereas the C7-position
is substituted by a methyl group in BChl c molecules
(R7 = CH3). BChls c and e in green sulfur bacteria are mixtures
of diﬀerent molecular forms called homologs that vary the
degree of methylation on the 8- and 12-alkyl groups (R8 and
R12, respectively). Methyl, ethyl, n-propyl, and isobutyl
groups at the 8- and 12-positions of chlorosomal BChls are de-
noted as M, E, P, and I, respectively. Such variations of the
molecular forms seem to regulate harvest, transfer, and dissi-
pation of light energy in the antenna apparatus of green sulfur
bacteria.
No information is available, to our best knowledge, on
physicochemical analysis of demetalation of monomeric
BChls from green photosynthetic bacteria, although acidic
decomposition of intact chlorosomes containing BChl c was
reported [10]. To unravel the eﬀects of chlorosomal BChl
molecular structures on demetalation, we performed kinetic
analysis of the demetalation of puriﬁed homologs of BChls c
and e possessing a farnesyl ester at the 17-propionate (denoted
as BChl cF and eF, respectively) in acidic aqueous acetone.blished by Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structures of BChls c and e in green sulfur
photosynthetic bacteria. BChl c: R7 = CH3. BChl e: R7 = CHO.
R8 = C2H5 (E), n-C3H7 (P), iso-C4H9 (I). R12 = CH3 (M), C2H5 (E).
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Major BChl cF and eF homologs were extracted from Chlorobium
tepidum ATCC 49652 and C. phaeobateroides 1549, respectively, and
were puriﬁed by reverse-phase high-performance liquid chromatogra-
phy as described [11,12]. BChl cF and eF homologs were assigned
according to previous reports [12,13].
A 3 mL acetone solution of the separated BChl homologs (Soret
absorbance = 1.0) was mixed with 1 mL of distilled water. In kinetic
analysis of demetalation processes, 10 lL of aqueous 0.1 M HCl solu-
tion was added to the BChl solution, and absorbance at the Soret peak
position of BChls was measured with a Shimadzu UV-2450 spectro-
photometer under control of reaction temperature.1.0
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Fig. 2. Spectral changes of (A) BChl cF and (B) eF in acetone/water (3/
1, vol/vol) at the proton concentration of 1.25 · 104 and
2.5 · 104 M, respectively, at 25 C. BChl cF: spectra from 0 to
60 min at a 10-min interval and a ﬁnal spectrum at 150 min. BChl eF:
spectra from 0 to 120 min at a 10-min interval and a ﬁnal spectrum at
240 min. The arrows show the direction of the absorbance changes.3. Results and discussion
Fig. 2 shows spectral changes of 8,12-diethyl([E,E])-BChl cF
and eF during demetalation processes in acetone/water (3/1) at
the proton concentration of 1.25 · 104 and 2.5 · 104 M,
respectively, at 25 C. [E,E]-BChl cF exhibited intense Soret
and Qy bands at 435 and 666 nm, respectively, in acetone/
water (3/1, vol/vol). These absorption bands decreased by incu-
bation under the acidic condition, and a new Soret absorption
band appeared at 412 nm, which was characteristic of [E,E]-
bacteriopheophytin (BPhe) cF. Small absorption bands in the
range between 500 and 600 nm were gradually changed in
acidic aqueous acetone. The isosbestic points could be clearly
observed at 423, 461, and 575 nm during the demetalation
reaction.
In incubation of [E,E]-BChl eF under the acidic condition,
similar spectral changes occurred. Intense Soret and Qy bands
at 468 and 653 nm, respectively, of [E,E]-BChl eF lost their
absorbances and a new Soret band of BPhe eF at 443 nm
appeared. The isosbestic points could also be observed during
the demetalation reactions of [E,E]-BChl eF. Hence, demetala-
tion reactions can be monitored by absorbance changes at the
BChl Soret peak positions.
Time courses of Soret peak absorbance of [E,E]-, 8-propyl-
12-ethyl([P,E])-, and 8-isobutyl-12-ethyl([I,E])-homologs of
BChl cF and eF incubated in aqueous acetone at the proton
concentration of 2.5 · 104 M at 25 C are shown in Fig. 3.
These clearly indicate that demetalation of all three BChl eF
homologs was much slower than the corresponding BChl cF
homologs. The BChl demetalation reactions can be regardedas pseudo ﬁrst-order reactions, since the proton concentration
(2.5 · 104 M) was much higher than the BChl concentration
(<105 M) [6,7]. In the demetalation processes, therefore, the
reaction rate constant, k, could be obtained by ﬁtting the time
courses of the BChl Soret absorbance to the following kinetic
equation:
lnðA A1Þ=ðA0  A1Þ ¼ kt
where A0, A, and A1 are Soret absorbances of BChls at the
onset of measurements, at time t, and at the complete demeta-
lation, respectively. The reaction rate constants of puriﬁed
[E,E]-, [P,E]-, and [I,E]-BChl cF homologs in aqueous acetone
at the proton concentration of 2.5 · 104 M at 25 C were
determined to be 0.12, 0.12, and 0.13 min1, respectively (the
average of 3–4 independent measurements). In contrast, the
ks of [E,E]-, [P,E]-, and [I,E]-BChl eF were 0.017, 0.019, and
0.018 min1, respectively, under the same reaction condition
(the average of 4–7 independent measurements). The k-values
of the demetalation of [E,E]-, [P,E]-, and [I,E]-BChl cF homo-
logs were 7.1-, 6.4-, and 7.5-times larger than those of BChl eF
homologs possessing the same alkyl groups at the 8- and 12-
positions, respectively. These indicate that oxidation of the
7-methyl to formyl group of light-harvesting BChl molecules
in green sulfur bacteria signiﬁcantly slowed down acidic
removal of their central magnesium in chlorin macrocycle.
The eﬀect of a 7-formyl group of chlorin macrocycles on
demetalation is supported by previous reports on demetalation
of Chls from higher plants, in which Chl b possessing a formyl
group at the 7-position was demetalated more slowly than Chl
a possessing a methyl group at the 7-position [7].
The tolerance of BChl eF to proton attack would originate
from electron-withdrawing ability of the formyl group. It
was proposed that the electron-withdrawing property of the
7-formyl group on chlorin macrocycles decreased the electron
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Fig. 3. Kinetic plots for demetalation of (A) [E,E]-, (B) [P,E]-, and (C)
[I,E]-BChl cF (open circle) and eF (closed circle) in acetone/water (3/1,
vol/vol) at the proton concentration of 2.5 · 104 M at 25 C.
Absorbance changes were monitored at 435 and 468 nm for BChl cF
and eF, respectively. A0, A, and A1 are Soret absorbances of BChls at
the onset of measurements, at time t, and at the complete demetala-
tion, respectively.
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vent protons from attack on pyrrole nitrogen atoms of (B)Chls
possessing the 7-formyl group compared with those possessing
the 7-methyl group. Resistance of BChl eF to pheophytiniza-
tion would also be ascribable to increases of positive point
charge and Lewis acidity of central magnesium by the elec-
tron-withdrawing eﬀect of the 7-formyl group. Stronger posi-
tive point charge on the central magnesium might result in
repulsion of attacking protons from the center of chlorin mac-
rocycle. Increase of Lewis acidity of central magnesium might
form stronger magnesium–nitrogen coordination bonds and/or
induce stronger axial coordination of a solvent molecule such
as a water molecule, which would become a steric hindrance to
proton approach to nitrogen atoms of chlorin macrocycles.
Actually, it was reported that Chl b possessing the 7-formyl
group coordinated to a harder Lewis base axial ligand more
strongly than Chl a possessing a 7-methyl group [15]. Periphe-
ral substitution of electron-withdrawing groups in synthetic
zinc chlorins also enhanced the coordination ability of the cen-
tral zinc [16].
Additional methyl groups at the 82-positions of BChl cF and
eF had little inﬂuence on demetalation rate constants as shownin Fig. 3. Diﬀerence of these alkyl groups in chlorin rings has
little eﬀect on both electronic structures and conﬁgurations in
chlorin macrocycles of monomeric BChls in green sulfur pho-
tosynthetic bacteria.
The present results allow us to propose in vivo degradation
pathways of BChl e in green photosynthetic bacteria. BChllide
e, which has no farnesol by enzymatic hydrolysis of BChl eF,
would be tolerant to demetalation in the early step of the BChl
degradation pathway. Actually, BChllide e was found in an-
cient sediments, suggesting that degradation of BChl e (or
BChllide e) was slow [17]. To advance the demetalation step
of BChllide e more smoothly, green photosynthetic bacteria
might enzymatically convert BChllide e into 7-methylated
BChllide (=BChllide c) or 7-hydroxymethylated BChllide. Ta-
naka and co-workers indicated the biochemical conversion be-
tween Chl a possessing the 7-methyl group and Chl b
possessing the 7-formyl group [18,19]. Additionally, pheophor-
bide a oxygenase, which functions in the next step to demeta-
lation in the course of Chl breakdown in higher plants, has
been known to accept only pheophorbide a as substrate [1].
Hence, Chl b, which has a formyl group at the 7-position, is
decomposed through pheophorbide a that has a methyl group
at the 7-position, although it is not yet known in which step
Chl b is converted to 7-methyl-type Chls in the degradation
pathway. This work also implies that resistance of 7-formyl-
type (B)Chls (or (B)Chllides) to demetalation might develop
in vivo degradation systems, where 7-formyl-type (B)Chls (or
(B)Chllides) are converted to 7-methyl-type (B)Chls (or
(B)Chllides).
The tolerance of BChl e to demetalation might be appropri-
ate for survival of brown-colored sulfur photosynthetic bacte-
ria (C. phaeobacteroides and C. phaeovibrioides) possessing
BChl e. Brown-colored bacteria usually grow in extremely
light-limited habitats [20]. Under such conditions, they might
need stable light-harvesting systems and save the energy that
is used for preparation and degradation of photosynthetic
apparatus and pigments. The present kinetic analyses of
demetalation of light-harvesting BChls in green sulfur bacteria
could also be a clue to catabolism of these BChls and the bio-
logical meaning of their diversity.
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